Calcium is a major second messenger in neurons and modulates many neuronal functions, including protein phosphorylation, phospholipid metabolism, cytoskeletal activity, and neurotransmitter release. These important events, which regulate neuronal activity, are directly dependent on the influx of extracellular calcium through voltage-sensitive calcium channels (VSCCs) in the neuronal membrane. Modulation of VSCC function represents an important strategy for regulating neuronal excitability. Although substantial evidence supports the ability of dihydropyridines to block VSCCs and contractility in cardiovascular tissue, their ability to block the majority of neuronal VSCCs remains controversial. Benzodiazepines, and other anticonvulsants, block depolarization-dependent 45Ca uptake through VSCCs in brain synaptosome preparations. In addition, benzodiazepines reduce voltage-gated calcium conductance as determined by voltage clamp studies of identified invertebrate neurons. Inhibition of VSCC activity may be an important mechanism by which these compounds produce their anticonvulsant and sedative effects. Intrasomal injection of calcium-calmodulin-dependent protein kinase modulates calcium conductance in invertebrate neurons, suggesting that protein phosphorylation may be an endogenous regulatory mechanism of VSCC activity. Developing novel pharmacological approaches to regulating VSCCs and understanding the endogenous regulatory mechanisms may lead to new therapeutic approaches to the treatment of neurological diseases.
Calcium is an important mediator of molecular events in neurons [1] . An increase in cytoplasmic Ca2, in response to depolarization has been shown to modulate numerous neuronal functions, including synaptic morphological changes, stimulation of protein phosphorylation, and neurotransmitter release [2] . These events are directly dependent on the entry of extracellular Ca2+ ions into the presynaptic nerve terminal through specific voltage-sensitive Ca2, channels (VSCC) [3] . This central role of Ca2, channel function in neuronal activity, and in stimulus-secretion coupling phenomena, has led to extensive investigation of Ca2, channel function in a wide variety of tissues [1, 4] . These studies have led to the understanding that VSCCs are a heterogenous population of membrane channels with different pharmacological and physiological properties. In spite of extensive biochemical and electrophysiological characterization of Ca2+ channels in brain, however, the molecular nature and pharmacological properties of neuronal Ca2, channels remain largely unclear.
VOLTAGE-SENSITIVE CALCIUM CHANNELS
The properties of Ca2, channels in some non-neuronal tissues, particularly in the heart and vascular smooth muscle, have been extensively studied [5] . Ca2+ regulates muscle function and contractility in both smooth and cardiac muscle. As in brain, some 99
Ca2" channels in these tissues are voltage-sensitive, although Ca2" influx can also be modulated by neurotransmitters, hormones, and various drugs through receptoroperated channels [6] . Both of these types of Ca2" channels are blocked by polyvalent however, the effectiveness of these drugs as Ca2+ channel blockers in brain seems to be substantially different. Organic Ca2" antagonists are relatively ineffective blockers of voltage-sensitive Ca2+ uptake in synaptosomes [9] at concentrations where binding to [3H]nitrendipine receptors is maximal. Although some studies have appeared which show dihydropyridine inhibition of Ca2+ uptake in cultured neuronal cell lines, nitrendipine does not block neurotransmitter release in these cells or neurons. Recent studies have shown that fast-phase Ca2+ uptake (<1 second) in synaptosomes is inhibited by nitrendipine in Na+-free media [10] , but its effect was incomplete and may not be associated with inhibition of neurotransmitter release. These observations suggest that the functional characteristics of Ca2+ channels in neuronal tissue are extremely complex and that multiple types of Ca2+ channels, which have different pharmacological properties, may exist. Future studies of VSCCs in neuronal tissue will center on electrophysiological characterization where subtle functional differences can be detected.
Although the molecular properties of Ca2+ channels in brain are controversial, the central role of VSCCs in brain function remains unchallenged. Pharmacological manipulation of VSCC activity potentially provides an important mechanism for modulating neuronal function, as has been successfully achieved with Ca2+ channel modulators in cardiovascular systems. This review will examine the evidence that certain anticonvulsant compounds, including the benzodiazepines, diphenylhydantoin and carbamazepine, modulate Ca2+ channel function in brain, and that this action may represent an important mechanism by which these compounds produce their anticonvulsant and sedative effects.
ANTICONVULSANT INHIBITION OF SYNAPTOSOMAL CALCIUM UPTAKE
Anticonvulsants are a complex class of neuroactive compounds which have numerous effects on cells, including alteration of growth properties, energy metabolism, enzyme activity, and neurotransmitter secretion. Since anticonvulsants produce multiple clinical effects as well, it is important to examine the effects of these compounds on the biochemical level to identify their precise mechanisms of action. Benzodiazepines (BZs) have been shown to bind to high-affinity BZ receptors in brain [11] Ca2" uptake in nerve terminal preparations [12, 13, 14] . In addition, these compounds inhibit Ca2'-dependent neurotransmitter release in synaptosomes [2] , indicating that they regulate functionally significant Ca2" influx. Since this action may represent a physiologically relevant anticonvulsant or sedative mechanism, we have examined more precisely the ability of the benzodiazepines to act as Ca2" channel blockers in brain.
To investigate the effects of BZs on synaptosomal Ca2+ uptake, 45Ca flux was monitored under both depolarized and non-depolarized conditions [14] . Under these experimental conditions, Ca2+ flux consists of both Ca2, uptake into the synaptosomal cytoplasm as well as Ca2+ efflux. BZs, in micromolar concentrations (50-200,uM), block the 45Ca uptake component of Ca2, flux and show no effect on Ca2+ efflux under these conditions (Fig. 1) To determine the electrophysiological effects of BZs on Ca2" conductance, we studied the actions of these compounds on the long-lasting regenerative Ca2" potential revealed by blocking outward K+ currents in identified N cells [15] . These well-described that cellular second messengers, such as cAMP and Ca2", and neurotransmitters and hormones acting through these messengers, can modulate ion channel function [6] . Initial efforts to identify the endogenous mechanisms that regulate ion channels investigated the role of cAMP in regulating conductances in heart cells and demonstrated that cAMP-dependent protein kinase may mediate the effects of cAMP on these conductances [4] . This work established the concept that the activity of specific ion channels in the membrane can be modulated by intracellular second messengers activating protein phosphorylation pathways.
Since Ca2" plays a major role in regulating excitability in the nervous system, subsequent studies have investigated the ability of Ca2"-regulated protein kinases, and particularly calcium-calmodulin-stimulated protein kinase (CaM kinaseII), to modulate ion channel activity [17] . The recent purification and characterization of CaM kinase II makes it possible to determine directly the effects of purified kinase on identified Ca2" conductances in intact neurons. The potential role of CaM kinaseII in regulating Ca2" conductances is particularly interesting in light of the fact that BZs inhibit CaM kinase II activity [18, 19] and may thus be a mechanism for BZ inhibition of Ca2" channel function.
Results from our laboratory, in collaboration with Dr. Daniel Alkon, have shown that injection of highly purified CaM kinase II reduces Ca2" current in Hermissenda photoreceptor cells [ 17] . In these studies, CaM kinase II is injected intracellularly into Hermissenda neurons, and its effect on ion conductances is documented electrophysiologically using voltage clamp techniques. ICa not exclusive to ICa (two outward K+ currents were also affected), this may represent an important mechanism by which neurons regulate excitability.
SUMMARY
The variation in potency of dihydropyridines and other Ca2" channel blockers between neuronal and non-neuronal tissues suggests that VSCCs are a heterogenous population of membrane channels with different pharmacological properties. Whether these differences reflect diversity of the molecular composition of VSCCs, a complex set of conformational states, or alterations in the regulation of VSCC activity remain to be determined. Benzodiazepines and other anticonvulsants are effective inhibitors of some types of Ca2" channel activity as determined in biochemical and electrophysiological models. This action may represent the biochemical mechanism by which these compounds elicit their sedative and anticonvulsant properties. In addition, protein phosphorylation regulates certain types of Ca2" channels as demonstrated by CaM kinase II modVlation of Ca2" conductance in invertebrate neurons. Understanding the molecular mechanisms mediating Ca2" flux and how it is regulated endogenously and by neuroactive compounds is an important goal of neuroscience and may provide new therapeutic interventions for neurological diseases.
